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Introduction
Primary cilia are "cellular antennae", receiving and amplifying a wide range of signals due to their large surface area to volume ratio and acting as a hub for cross talk between different signalling pathways. [1] [2] [3] Originating from the mother centriole, they are closely linked to the Golgi apparatus, which may act like a compass by relocating towards the leading edge to direct cell migration. 1, 4, 5 They are absent during cell division and when the cell is migrating because the centrosome dissociates from the cilium to facilitate those processes. Nevertheless, during pauses in cell migration, cilia re-emerge until movement is resumed, suggesting that they might play a role in sensing directional cues. 6 An inability to sense extracellular cues of both chemical and physical nature is thought to be the main cause of ciliopathies; diseases associated with the primary cilium. [6] [7] [8] [9] [10] [11] Ciliopathies include diverse developmental phenotypes ranging from kidney disorders to nervous system disorders (e.g.
encephalocele, mental retardation and cerebellar hypoplasia). In terms of cellular mechanism it is unclear how specific ciliopathies arise since the effects on morphology of the cilium itself are often limited to size alteration.
The requirement for cilia in neuronal migration in vivo has been controversial as some data indicate that cilia do not emerge until after cellular migration within the neocortex is complete. 12 Other reports show cilia in the developing brain, so the negative observations might be linked to episodes of cell proliferation. 1, 6, 13, 14 When the cilium is present on the cell it is responsible for sensing a wide range of developmental cues including Sonic hedgehog (SHH), WNT and platelet derived growth factor (PDGF), with conflicting evidence regarding epidermal growth factor (EGF). 3, 7, 8, [15] [16] [17] [18] [19] [20] Although it is clear that a shorter cilium would be inhibited from sensing these cues, it is still uncertain how much of the developmental deficits can be contributed to cilium independent effects of the ciliopathic genes. mutation of Arl13b (ADP-ribosylation factor-like 13b) which manifests itself in alteration of the ciliary axoneme structure and neural tube defects. 6, 15, 16 Arl13b is a gene involved in Joubert Syndrome, which results in cerebellar hypoplasia, retinopathy, kidney malfunction and mental retardation, and has been most thoroughly studied in the context of the developing nervous system, especially neuronal migration. 6, 16, [21] [22] [23] ARL13B is a small GTPase, which in WT cells is localised to primary cilia and plays a part during the initiation of the organelle during centrosome docking. 24, 25 Outside of the cilium it plays a role in actin skeleton polarization at the leading edge of the cell and its downstream effects might contribute to microtubule organisation. [25] [26] [27] [28] [29] [30] Phenotypically, cells lacking ARL13B
The hennin immortalised mouse embryonic fibroblast (HNN) cell line carries a null
have a cilium that is about half the WT cilium length. 16 This is thought to be a result of disrupted Intraflagellar Transport (IFT) complex association. 31 Studies on HNN cells have demonstrated effects on key developmental patterning and signalling molecules, including defects in SHH signalling, elevated levels of Smoothened and defects in bone morphogenic protein signalling, which can result in exencephaly and spina bifida. 16, 23 Cilia are thought to sense directional cues because in a scratch assay cilia face the direction of migration, with reorientation of the centrosome, Golgi apparatus and nucleus. 2, 8 Even though cells, including neurons, exist in a natural electric field in situ, the role of cilia in sensing extracellular direct current electric fields (DCEF) has never been explored. [32] [33] [34] Hence, it remains unknown whether cilia play a role in sensing extracellular voltage gradients.
The role of WNT signalling in DCEF directed migration has been well established and cilia are known to facilitate this pathway. 35 Although EGF signalling has been found to be vital for DCEF, the evidence behind the cilium"s role facilitating this signalling remains controversial. 7, 8, 20, 36 The short HNN cilium also possesses defects in receptor trafficking, making it likely not to sense the signals necessary for DCEF 
Results

HNN cells have significantly shorter cilia than WT cells
The HNN fibroblasts used here possessed stunted cilia compared to WT cells Nevertheless, HNN cells migrated more than 50% more slowly than WT cells ( Figure   2E -F), reminiscent of neurons with faulty ARL13B, in which migration speed was reduced in chemical gradients. 6 Although the DCEF increased the velocity in WT cells compared to controls (without a DCEF), HNN cells showed no increase in velocity with the DCEF. To determine if the change in velocity was linked with a change in cell adhesion we performed a cell adhesion assay and found that HNN cells displayed significantly less adhesion ( Supplementary Fig.2 ). Therefore, HNN cells showed migration defects upon DCEF stimulation, indicating that cilia contribute to increased speed of cell migration upon electrical stimulation. (Figure 3) . Therefore, the role of cilia in detecting the extracellular electric field does not require the cilium to reposition itself with respect to the DCEF vector. However, the reduced migration speed of HNN cells in DCEFs relative to WT speed, suggests that primary cilia still play a role in detecting or interpreting the presence of the field.
Cilia do not orient with respect to DCEF.
HNN cells have a slower proliferation rate than WT cells.
Mutations of ARL13B result in Joubert Syndrome, which is characterised by the underdevelopment of specific brain regions; therefore the cell cycle of HNN cells was assessed to determine whether defective proliferation contributes to this phenotype.
Growth-curves revealed that by day 4 HNN cells showed significantly less proliferation, with the population size about one third of the WT ( Figure 4 ). Cell death is unlikely to contribute to the difference because no decrease in cell survival (99.9%
for both cell types) was observed using live/dead assays.
Fewer HNN cells are in S phase and more are in the G2/M phase compared to WT.
Prompted by the diminished HNN proliferation rate, we compared the cell cycle distribution of WT and HNN cells during mitosis using flow cytometry. Propidium iodide staining revealed that fewer HNN cells were in S phase compared to WT cells and HNN cells were more frequently in the G2/M phase than WT cells ( Figure 5 ). Figure   3 ) excluded differences in cell size.
Flow cytometry (data not shown) and immunocytochemistry (Supplementary
Defective Arl13b changes expression of Extracellular Signal-Regulated Kinase (ERK1/2) and Suppressor of Fused.
To shed some light on the possible causes of these alterations we probed for several Suppressor of Fused (SUFU) is associated with the distal tips of cilia and its activity depends on the IFT proteins. 15, 40, 41 It is associated with hedgehog signalling, which can affect its levels through degradation. 42, 43 We found an increase in SUFU protein . This is largely in concordance with previous findings where cilia were proven to be important in migration, but no explanation was given regarding how they might affect directionality.
cell migrate (or not) rather than sensing the direction of the electrical cue. This would be consistent with previous reports that electrotaxis is mediated by a rearrangement of several proteins on the cell membrane and an intracellular gradient of GTPases, as well as with the periodical re-emergence of cilia during migration. 6, 37 The possible effects of the truncated cilium and faulty ARL13B function are summarised in Figure 9 .
Some ciliary developmental effects rely on extracellular signal sensing
Cilia sense extracellular chemical cues and ARL13B interacts with inositol polyphosphate-5-phosphatase E which plays a role in mediating cell proliferation, so the slower proliferation rate of HNN cells ( Figure 4 ) might be due to attenuated responses to growth factors. 25, 28, 57, 58 In fibroblasts, ERK1/2 is phosphorylated upon exposure to growth factors, so reduced ERK1 phosphorylation (Figure 6 A, B, D) in HNN cells indicates their inability to respond to these factors. 9,59,60 ERK is also crucial for polarization of the Golgi apparatus and repositioning the centrosome; events important for migration. 2, 5, 36 Another marker associated with growth factor response and cilia is SUFU, a negative regulator in the hedgehog pathway. 15 Its deletion increases SHH activity and causes premature cell cycle exit. 61 Together, the increase in SUFU levels ( Figure 6 C, D) and the decrease in ERK phosphorylation (Figure 6 A,B,D) suggest that, at least in part, slower HNN cell proliferation lies in a diminished response to growth factors.
Insights into cell cycle
DNA replication and (usually) centriole replication occur during S phase of the cell cycle, whereas final preparations for mitosis and its execution occur in the G2/M phase. [62] [63] [64] Several cell cycle checkpoints exist here controlling for a range of defects from DNA damage, chromosome attachment to spindles and Golgi apparatus division, so perturbation of the cell cycle may contribute to developmental defects. 65 It is difficult to pinpoint the nature of the changes in cell cycle progression ( Figure 5 ). As the proportion of cells located in the G1/G0 phase is the same as in WT cells, these changes are unlikely to be caused by a diminished response to serum. 9 Therefore, these changes in cell cycle might be mediated via downstream action of ARL13B. One proposal is via Aurora kinase A activity, which is important for the G2-M phase transition, and which co-localises with the centrosome and plays a role in establishing cell polarity. 25, 27, 28, 58 Faulty Aurora kinase A activity might cause stagnation at the G2/M phase as a consequence of poor interaction with ARL13B.
Hence, it is possible that deficits seen in HNN cells are not exclusively due to aberrant development of cilia, but might be linked also with cilia independent effects of ARL13B.
Conclusion
The small GTPase ARL13B exerts its effects on both cell migration and cell proliferation. Migration deficits have been reported in cilia defective cells, which are proposed to be related to the organelle"s role in sensing chemical cues, so we tested whether the cilium also contributed to directional migration in DCEFs and to cell cycle progression. Our data show that the primary cilium contributes to directional migration in DCEFs and to cell cycle regulation. We conclude that synergistic deficits a shorter primary cilium and faulty ARL13B function contribute to these developmental deficits. 
Materials and Methods
Cell Culture and Growth Curve Analysis
Live/Dead Assay
Similar to the growth curve analysis, with the exception that the medium in which the cells were grown, as well as the PBS which was used to rinse the plate before trypsinization were spun down together with the cells collected after trypsinization.
Trypan blue was used during the cell count to differentiate dead cells from live cells. 
Immunocytochemistry
Cell size, cilium length measurement and cell adhesion assay
Cell size was assessed by measuring the area of a cell using Image J software.
Alexa Fluor 488 phallodin was used to visualise the cell"s actin skeleton from images taken using a 100x objective. The "Find Edges" and "Threshold" processes were used to obtain the cell perimeter in 8-bit format. The perimeter was then selected and the area was measured using the "Analyze Particles" function with the "Include Holes" option selected. Cell size was confirmed using flow cytometry (see below). images (63x) using Image J software equipped with a NeuroJ plugin.
Cilium length was measured from anti-acetylated α-tubulin immunofluorescence
The cell adhesion assay was performed using an established protocol 66 . Briefly, both
WT and HNN cells were maintained in 96-well-plates at a seeding density of 5 X 10 5 /ml for 20 minutes. Then they were fixed with 5% glutaraldehyde followed by crystal violet staining (0.1%) for 60 minutes with staining absorbance at 570nm read using a microplate reader (Bio-Tek).
Immunoblotting
Cells were harvested at 80% confluence and proteins were extracted with RIPA buffer (Cell Signalling) containing complete protease and phosphatase inhibitor Control cultures were treated the same way, but were not connected to a power supply. The voltage was checked and re-adjusted every hour if needed and 1 ml of medium was changed for fresh medium from the anodal side. Images were collected at 10 minute intervals with a 10x objective on Nikon Eclipse TE2000-U microscope, using SimplePCI software Version 5.3.1 (Compix Inc.)
The images were analysed using Image J software (National Institute of Health, USA). The Manual Tracking plugin (Institut Curie, France) was used to track cell movement and the Chemotaxis plugin (Ibidi GmbH, Germany) was used to analyse the output. x-Forward Migration Index is defined as the displacement along the x-axis divided by the total distance travelled, speed was defined as Euclidean distance (total displacement) divided by time (180 minutes).
Cilia orientation assessment
Cells were plated at 50000 cells/cm 2 in a 10cm dish with three 4cm microscope slides in it (1.5 thickness, with the letters "L","R","T","B" scratched onto it for orientation on the side not intended for the cells to attach), using the culture medium as above.
After 22h, medium was renewed, except no serum was added; this was preceded by a PBS wash. After 21h, the cells were subjected to the same DCEF protocol as described above, with the difference that instead of plating the cells on the dish, the microscopy slides with the cells already present were attached to the migration chamber and that the medium in which the cells migrated did not contain serum.
Cells were exposed to the electric field for 3 hours, the medium taken off, the cells Triton-X 100 in PBS). Samples were incubated in the dark at room temperature and analysed on the BD Calibur followed by using FlowJo software.
Statistical Analysis
Data was analysed using "R" version 3.1.0 (The R Foundation for Statistical Analysis). Data was analysed using the t-tests and ANOVA. p<0.05 was taken to be significant. 
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